Genes to Cells AONO et Al. species (Nurse, 1990) . However, our knowledge on how cells exit the proliferative state and enter into and maintain the G 0 phase is limited (Yanagida, 2009) .
Similar to induction of the G 0 phase in cultured mammalian cells by serum starvation (Zetterberg & Larsson, 1985) , the proliferative cells of fission yeast, Schizosaccharomyces pombe, can be induced to enter the G 0 phase in response to nitrogen deprivation in the absence of cells of the opposite mating type (Su, Tanaka, Samejima, Tanaka, & Yanagida, 1996) . However, if the cell population includes opposite mating type cells, the cells consecutively undergo conjugation, meiosis and sporulation. Also, following nitrogen withdrawal, the cells immediately cease growth and divide twice, resulting in ~fourfold increase in cell number and a small spherical morphology with 1C DNA content. This G 0 phase "entry" takes about 24 hr. Once the G 0 phase is established, the cells neither divide nor grow but remain metabolically active, resistant to heat stress, and viable for months, that is, "maintenance." Nevertheless, they reinstate proliferation upon nitrogen replenishment (Mochida & Yanagida, 2006; Su et al., 1996) . Hence, exploiting this characteristic, comprehensive surveys on the genes required for the proper regulation of the G 0 phase of S. pombe have been carried out (Sajiki et al., 2009; Shimanuki et al., 2013 Shimanuki et al., , 2007 . Of these, Yanagida, Sajiki and colleagues have reported that protein phosphatases and related regulators are required for the induction and maintenance of the G 0 phase, thereby implying the importance of regulation of protein phosphorylation in establishing and/ or maintaining the G 0 phase (Sajiki, Tahara, Uehara et al., 2018) .
Other recent findings suggest that protein phosphatases are regulated as well as kinases during the cell cycle in metazoa and during the G 0 phase in budding yeast (Bontron et al., 2013; Gharbi-Ayachi et al., 2010; Mochida & Hunt, 2012; Mochida, Ikeo, Gannon, & Hunt, 2009; Mochida, Maslen, Skehel, & Hunt, 2010; Sarkar, Dalgaard, Millar, & Arumugam, 2014) . As cells enter mitosis, the Cdc2/Cdk1 kinase is activated whereas the antagonizing phosphatases are suppressed to avoid futile cycle. The Greatwall kinase (Gwl) was identified in Drosophila as a protein required for proper mitotic progression (Yu et al., 2004) . In Xenopus, Drosophila and human cells, Gwl homologues have been shown to phosphorylate α-endosulfine (Ensa)/ARPP-19, which then bind and inhibit a particular protein phosphatase 2A (PP2A) complex composed of the catalytic (C), scaffolding (A) and regulatory B55 subunits (PP2A  B55 ) during mitosis Gharbi-Ayachi et al., 2010; Mochida et al., 2010; Rangone et al., 2011; Voets & Wolthuis, 2010) . In Saccharomyces cerevisiae, the Gwl ortholog, Rim15 kinase, and the Ensa orthologs, Igo1 and Igo2 (Igo1/2), play key roles in establishing the G 0 phase induced by nutrient starvation (Bontron et al., 2013; Reinders, Burckert, Boller, Wiemken, & De Virgilio, 1998; Sarkar et al., 2014) . In this case, it is to be noted that PP2A B55 is the target of Igo1/2 too, which implies that the Gwl/Rim15-Ensa/Igo-PP2A B55/CDC55 pathway is conserved across eukaryote. S. pombe also possesses Cek1, Ppk18 and Ppk31/Mug25 (Ppk31), which are protein kinases similar to Gwl, and one Ensa-like protein, Mug134/Igo1 (Mug134). Cek1 was originally isolated as a dose-dependent suppressor of the cut8 mutant in which the nuclear proteasome is exported to the cytoplasm, thereby resulting in compromised degradation of mitotic proteasome substrates. However, the molecular mechanism by which Cek1 up-regulation rescues the cut8 mutant has not been yet understood (Samejima & Yanagida, 1994; Tatebe & Yanagida, 2000) . A systematic study on S. pombe protein kinases has showed that Ppk18 and Ppk31 are dispensable for proliferation (Bimbo et al., 2005) . The mug134 + gene was originally identified as a meiotically up-regulated gene based on a microarray analysis (Martin-Castellanos et al., 2005) . The phosphorylation of Mug134 by Ppk18 has been reported to be involved in cell size control in nitrogen-poor media (Chica et al., 2016) . Recently, Mug134 was identified to be essential for supporting mitotic competency during the G 0 phase (Sajiki, Tahara, Uehara et al., 2018) , whereas the contribution of Gwl-like kinases (Cek1, Ppk18 and Ppk31) to the G 0 phase remains elusive. PP2A is also conserved in S. pombe. This yeast possesses two C subunits, namely Ppa1 and Ppa2, along with an A subunit, Paa1, and a B55 subunit, Pab1 (Kinoshita et al., 1996; Kinoshita, Ohkura, & Yanagida, 1990) . Whereas neither Ppa1 nor Ppa2 is indispensable for proliferation, the double gene deletion is lethal. A single gene deletion of one of the C subunits (Ppa2) affects the cell cycle by reducing cell length at entry into the M phase (termed semi-wee) and shows synthetic lethality with wee1-50, which is a mutation of the major cell cycle regulator, Wee1 (Kinoshita, Yamano, Niwa, Yoshida, & Yanagida, 1993) . Consistently, over-expression of Ppa2 inhibits cell division (Kinoshita et al., 1993) . The gene deletion mutant of pab1 + is viable under nutrient-rich conditions but shows pleiotropic phenotypes such as low (20°C) or high (36°C) temperature sensitivity as well as abnormalities in the morphology and cell wall synthesis (Kinoshita et al., 1996) . These previous discoveries suggest that PP2A Pab1 may play multiple roles in S. pombe, including cell cycle control and stress responses.
In this study, we investigated Cek1, Ppk18, Ppk31 and Mug134 to understand their essential cellular roles in S. pombe. Our results suggest that Ppk18 and Cek1 are functional orthologs of Gwl and that the fission yeast Gwl/Ensa pathway is indispensable for proper G 0 phase entry and maintenance through the inhibition of PP2A
Pab1
.
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| RESULTS
| Ppk18 is essential for proper G 0 phase entry; Cek1 has functions redundant to that of Ppk18
Gwl kinase has been reported to be essential for mitosis in animals (Glover, 2012; Yu et al., 2004) . In the S. pombe genome, there are three protein kinases, namely Cek1, Ppk18 and Ppk31, which are similar to Rim15 and Gwl ( Figure  1a) . Although Ppk18 has been reported to regulate cell cycle in poor nitrogen media (Chica et al., 2016) , it is not clear whether Ppk18 is required for G 0 phase induction by −N. Also, the roles of the other two kinases, namely Cek1 and Ppk31, in nutrient-rich or nutrient-poor conditions remain ambiguous. To address these, we first deleted the ppk18 + and ppk31 + genes in combination with the cek1 + gene to generate double (∆cek1∆ppk18, ∆cek1∆ppk31 and ∆ppk18∆ppk31) and triple (∆cek1∆ppk18∆ppk31) gene deletion mutants. We then examined their colony-forming abilities on synthetic minimal medium, Edinburgh minimal medium 2 (EMM2), The experiments were ×3 repeated, and means and SD are presented and on the rich complete medium, yeast extract polypeptone dextrose (YPD) (Supporting Information Figure S1A ,B). None of the mutants showed significant growth retardation compared with the growth of the wild-type 972 strain (WT) at 20, 26, 33 or 36°C. These results indicate that these kinases are dispensable under nutrient-rich conditions. Then, we examined whether Cek1, Ppk18 and Ppk31 play any role during nutrient-limited conditions. When these mutants were spotted on yeast extract and glucose (YE) agar plates containing various concentrations of glucose (2.0%, 1.0%, 0.5%, 0.08%, 0.06% and 0.04%), they grew as well as WT (Supporting Information Figure S1C ). However, under −N condition, cells of the ∆ppk18, ∆ce-k1∆ppk18 and ∆cek1∆ppk18∆ppk31 mutants behaved abnormally (Figure 1b-e) . With −N, the vegetatively proliferating (VEG) WT cells immediately cease cell growth and divide twice without cell elongation, thereby resulting in a ~fourfold increase in cell number and become small spherical cells with 1C DNA content that stay alive for months (Su et al., 1996) . This phase induced by −N is similar to the serum starvation-induced G 0 phase of cultured mammalian cells (Yanagida, 2009; Zetterberg & Larsson, 1985) . To examine the roles of Cek1, Ppk18 and Ppk31 in the G 0 phase, the WT and mutant strains were cultured in EMM2 till they reached mid-log phase (approximately 2 × 10 6 cells/ml) and were then shifted to a synthetic medium lacking a nitrogen source (EMM2-N). Their cell proliferation, cell length, DNA content and cell viability were examined and measured (Figure 1c-e) . Unlike WT cells, the ∆cek1∆ppk18 and ∆cek1∆ppk18∆ppk31 cells divided less than twice, predominantly possessed 2C DNA content and were twofold longer than WT cells at 24 hr after nitrogen withdrawal (Figure 1b-d) . In addition, the ∆cek1∆ppk18 and ∆cek1∆ppk18∆ppk31 cells were unable to maintain long-term viability under −N condition (Figure 1e ). The ∆cek1∆ppk18 and ∆cek1∆ppk18∆ppk31 cells were not significantly different in viabilities at six to twelve days after −N (p > 0.4), thereby indicating that ∆ppk31 has no additive effect to ∆cek1∆ppk18 under the examined conditions. Although the single mutant, ∆cek1, did not show any abnormalities following nitrogen withdrawal, the single mutant, ∆ppk18, showed a pronounced loss of viability, DNA content abnormality and an elongated cell phenotype. Compared to ∆ppk18, the ∆cek1∆ppk18 double mutant exhibited the following more severe phenotypes: Half of the ∆ppk18 cell population possessed 2C DNA, whereas most of the ∆cek1∆ppk18 cell population possessed 2C DNA (Figure 1d ), and ∆cek1∆ppk18 cells divided less than twice after −N ( Figure 1c ). Taken together, these results suggest that Ppk18 may predominantly contribute to regulating proper entry into the G 0 phase and in sustaining long-term viability under −N condition. Furthermore, Cek1 may share similar roles with that of Ppk18 under these conditions. Figure S1C ,D). Upon nitrogen deprivation, ∆mug134 cells showed phenotypes similar to that of ∆cek1∆ppk18 and ∆cek1∆ppk18∆ppk31 cells: ∆mug134 cells divided less than twice, possessed 2C DNA content and were unable to maintain long-term viability (Figure 1f -i). These results are consistent with previous results (Sajiki, Tahara, Villar-Briones et al., 2018) and suggest that Mug134 is indispensable for entry into the G 0 phase and in sustaining long-term viability as in the case of Gwl-like kinases.
| Serine 64 Phosphorylation depends on
Ppk18 and Cek1 and is essential for Mug134 function in G 0 phase
Serine 64 (S64) and the flanking amino acid residues of Mug134 are highly conserved among species (Figure 2a) . The conserved serine residue has been reported to be phosphorylated by Gwl kinase and Rim15 kinase in X. laevis and S. cerevisiae, respectively (Gharbi-Ayachi et al., 2010; Mochida et al., 2010; Talarek et al., 2010) . In S. pombe, the conserved S64 residue was shown to be phosphorylated in poor nitrogen media in a Ppk18-dependent manner (Chica et al., 2016) . To examine whether the S64 of Mug134 is phosphorylated during the G 0 phase, we first purified recombinant Mug134 WT protein (Mug134  WT ) and Mug134 mutant protein in which S64 was substituted with alanine (Mug134 S64A ) from Escherichia coli using a Ni-NTA column. Then, the purified Mug134 proteins and Ensa of X. laevis (xEnsa), which served as a control, were incubated with the Gwl kinase of X. laevis in vitro. The polyclonal antibody specific to phosphorylated S67, the Gwl target of xEnsa (anti-S64p antibody), was used to detect S64 phosphorylation in Mug134 (Figure 2b ). Although xEnsa and Mug134 WT incubated with Gwl were clearly detected by the anti-S64p antibody, Mug134 S64A was not.
This result suggests that the S64 of Mug134 is the target of | Genes to Cells
xGwl and that the anti-S64p antibody specifically recognizes phosphorylated S64 (S64p) of Mug134. To test the phosphorylation of Mug134 in vivo, a 3×FLAG epitope was fused to the C-terminal of the endogenous mug134 + gene to maintain the native promoter of Mug134-FLAG. Then, we extracted proteins from cells in VEG (+N) or G 0 phase (−N for 24 hr) condition in the presence of trichloroacetic acid (TCA) to avoid dephosphorylation by endogenous phosphatases. Mug134-FLAG was immunoprecipitated from diluted protein samples, and purified Mug134-FLAG was incubated with Lambda Protein Phosphatase (λ-PPase; Figure 2c ). Without λ-PPase, either multiple (VEG) or two (G 0 ) forms of Mug134-FLAG were detected by immunoblotting using the anti-FLAG antibody, whereas a single band was detected in both the VEG and G 0 phase samples following λ-PPase treatment. The results indicate that the slow-migrating forms of Mug134-FLAG are the phosphorylated ones. Next, we examined the effects of over-expression of Gwl-like kinases on Mug134 phosphorylation. The Mug134-FLAG cells were transformed with plasmids bearing ppk18 + , cek1 + or ppk31 + gene, whose transcription is controlled by the nmt1 promoter activated by the withdrawal of thiamine (vitamin B1; Maundrell, 1993) . The 8×Myc (myc8) epitope was C terminally fused to each Gwl-like kinase to evaluate expression level. The transformants were cultured in EMM2 without thiamine for 20 hr at 26°C, and proteins were extracted in the presence of TCA. Then, phosphorylation states of Mug134 were analyzed by Phos-tag SDS-PAGE (Supporting Information Figure S2A ). On Phos-tag SDS-PAGE, Phos-tag molecule captures phosphate bound to protein, resulting in decrease in migration speed of phosphorylated proteins. Without over-expression of kinases (empty), Mug134-FLAG was separated to at least six forms (B-G) on Phos-tag SDS-PAGE, suggesting Mug134-FLAG is phosphorylated at multiple residues. On the contrary, almost all Mug134-FLAG were greatly shifted (super-shift) on Phos-tag SDS-PAGE (A-C in Supporting Information Figure S2A ) by over-expressing either Cek1-myc8 or Ppk18-myc8, although Ppk31-myc8 had no such effect. Then, Mug134-FLAG protein was immunopurified as in Figure 2c from cells over-expressing Ppk18-myc8. The purified Mug134-FLAG was treated with λ-PPase and analyzed on Phos-tag SDS-PAGE (Supporting Information Figure S2B ). By treating with λ-PPase, the super-shifted forms (A-C) were diminished and the fast-migrating form (G in Supporting Information Figure S2A ,B) was increased. Hence, the G form would be unphosphorylated Mug134-FLAG. To test whether the super-shift of Mug134-FLAG by Cek1-myc8 or Ppk18-myc8 over-expression is dependent on S64 phosphorylation, we created a strain whose endogenous mug134 + gene was replaced with the mug134 S64A -FLAG fusion gene (mug134 S64A ) and examined whether Cek1-myc8 or Ppk18-myc8 over-expression affects Mug134 S64A -FLAG mobility on Phos-tag SDS-PAGE (Supporting Information Figure S2A ). Clearly, the super-shift of Mug134-FLAG by Cek1-myc8 or Ppk18-myc8 over-expression was not seen in mug134 S64A cells, suggesting the super-shift depends on S64. The upper three forms (A-C) of Mug134-FLAG were recognized by the anti-S64p antibody, whereas the lower forms were not (Supporting Information Figure S2C ). Taken these results together, we suggest as follows: the antiS64p antibody specifically recognizes S64-phosphorylated Mug134 extracted from S. pombe cells, and over-expression of Ppk18-myc8 or Cek1-myc8 induces hyperphosphorylation of S64 of Mug134 in vivo. By means of the anti-S64p antibody, we then examined whether S64 of Mug134 is phosphorylated in the G 0 phase (Figure 2d ). The anti-S64p antibody recognized both the slow-and rapid-migrating forms (the S and R forms, respectively) of Mug134-FLAG in WT cells in the G 0 phase but recognized faintly Mug134-FLAG in those cells in the VEG phase, hence suggesting that S64 is highly phosphorylated in the G 0 phase (Figure 2d) . Then, the same experiment was carried out with the ∆cek1, ∆ppk18, ∆ppk31 and ∆cek1∆ppk18 cells (Figure 2d ). Note that this experiment was carried out with normal SDS-PAGE.
In the VEG phase, no obvious differences were observed among the tested strains in the anti-FLAG immunoblot. In contrast, 24 hr after −N condition (G 0 ), the level of the S form of Mug134 markedly decreased or even disappeared in ∆ppk18 and ∆cek1∆ppk18 cells compared with that in the other strains. Although the R form in ∆ppk18 cells was recognized by the anti-S64p antibody, the signal was weaker than that in WT cells. However, in ∆ce-k1∆ppk18 cells, Mug134-FLAG was barely recognized by the anti-S64p antibody. In ∆cek1 cells, the signal was similar to that in the WT cells. Similarly, Mug134-FLAG recognized by the anti-S64p antibody was low in ∆ppk18 and was almost diminished in ∆cek1∆ppk18 (Figure 2d ). This result is consistent with the former result that Cek1 may share similar functions with Ppk18 (Figure 1c,d) . The ∆cek1∆ppk18 double mutant showed more severe phenotypes; half of the population of the ∆ppk18 cells possessed 2C DNA, whereas most of the ∆cek1∆ppk18 cell population possessed 2C DNA, and ∆cek1∆ppk18 cells divided less than twice after −N. In ∆ppk31 cells, Mug134-FLAG was recognized by the anti-S64p antibody as well as in WT cells in the G 0 phase. These results suggest that the evolutionarily conserved S64 residue of Mug134 is highly phosphorylated in the G 0 phase predominantly in a Ppk18-dependent manner in fission yeast and that Cek1 and Ppk18 may be redundant in the phosphorylation of S64.
We then explored the physiological significance of S64 phosphorylation in Mug134 during the G 0 phase. The ∆mug134 cells were transformed with plasmids bearing the mug134 + or mug134 S64A gene, whose transcription is controlled by the nmt41 promoter, which is the weaker version of nmt1 promoter and is also activated by the withdrawal of thiamine (Maundrell, 1993) . The transformants were cultured in EMM2 without thiamine and then shifted to EMM2-N (also without thiamine) to induce G 0 phase transition. The ∆mug134 cells transformed with the mug134 + plasmid turned small and round 24 hr after −N. In contrast, the ∆mug134 cells transformed with the mug134 S64A plasmid were longer like the ∆mug134 cells with an empty plasmid (Figure 2e,f) . When examining the DNA content, the ∆mug134 cells with the mug134 + plasmid primarily had 1C DNA, whereas the other transformants primarily had 2C DNA (Figure 2g) . Finally, the cell viability was measured after −N. It showed that the mug134 + plasmid rescued the severe loss in viability of ∆mug134 cells, whereas the mug134 S64A plasmid did not ( Figure   2h ). To confirm the results described above, we used the mug134 S64A -FLAG strain used in Supporting Information Figure S2 , in which the transcription of the mug134 S64A -FLAG gene is controlled by the mug134 + own promoter. introduced to the G 0 phase by −N. The two mutants, mug134 S64A -FLAG and mug134 S64A -FLAG∆cek1∆ppk18, behaved virtually as same as ∆mug134 and ∆cek1∆ppk18. These results are consistent with the data obtained by plasmid-based experiments shown in Figure 2 . Taken together, these results suggest that phosphorylation of S64 of Mug134, predominantly by Ppk18 and partially by Cek1, is indispensable for entry into the G 0 phase as well as in sustaining long-term viability under −N conditions.
| S64-phosphorylated Mug134
inhibits the phosphatase activity of PP2A
Pab1
Ensa and ARPP-19 of X. laevis and Igo1/2 of S. cerevisiae are phosphorylated by Gwl and Rim15, respectively, and then inhibit the phosphatase activity of PP2A B55 specifically (Bontron et al., 2013; Gharbi-Ayachi et al., 2010; Mochida et al., 2010; Sarkar et al., 2014) . Therefore, we examined whether Mug134 with phosphorylated S64 inhibits PP2A B55 . The B55 subunit in S. pombe, namely Pab1, is dispensable for proliferation but important for cell wall integrity and cellular morphology (Kinoshita et al., 1996) . To detect and purify the Pab1 protein, we fused an 8×myc epitope tag to the C-terminal of the endogenous pab1 + gene. Then, the Pab1-myc8 protein was detected and successfully co-immunoprecipitated with the PP2A catalytic subunit using the anti-myc antibody (Figure 3a ). Following this, purified PP2A Pab1-myc8 from S. pombe as well as His 8 -Mug134 purified from E. coli and thiophosphorylated in vitro at S64 by Gwl (Supporting Information Figure S4 ) was used for an in vitro phosphatase assay (Figure 3b) . A mixture of thiophospho-and unmodified-His 8 -Mug134 incubated with xGwl was used for the phosphatase assay. Approximately, 30% of the His8-Mug134 incubated with xGwl was thiophosphorylated ( Figure S4 ). The concentration of His 8 -Mug134 WT protein in the phosphatase assay was ~2 µM. Although unphosphorylated His 8 -Mug134 showed slight or no inhibitory effect on PP2A activity, thiophosphorylated Mug134 strongly inhibited the activity of PP2A Pab1 . As controls, 2 µM okadaic acid (OA) and an antimyc immunoprecipitant from a nontagged strain were used. The data clearly suggest that S64-phosphorylated Mug134 inhibits PP2A Pab1 . This result is supported by the findings of another research group who have independently showed PP2A inhibition by phospho-Mug134 in vitro (Chica et al., 2016) .
| pab1
+ deletion partially rescues the defect in G 0 phase entry and lethality caused by mug134 + deletion
We then examined how PP2A Pab1 is involved in the abnormalities that ∆mug134 cells show under −N conditions. WT, ∆mug134, ∆mug134∆pab1, and ∆pab1 cells were cultured to mid-log phase and then shifted to EMM2-N ( Figure 4) . The cell length of the ∆mug134 cells was relatively longer than that of the WT cells 24 hr after −N, whereas the ∆mug134∆pab1 cells became smaller and rounder (Figure 4a ,c) similar to WT cells. When examining the DNA content, we found that about half of the ∆mug134∆pab1 cells possessed 1C DNA and most of the ∆mug134 cells possessed 2C DNA (Figure 4b ). The longterm viability was also measured (Figure 4d ). The viability of WT, ∆mug134, ∆mug134∆pab1 and ∆pab1 cells was 78, 1.5, 39% and 30%, respectively, at 9 days after −N, and 68, 0.6, 24% and 16%, respectively, at 12 days after −N. These results suggest that pab1 + deletion may at least partially rescue the defects caused by mug134 + deletion. Taken together, the data in Figures 3 and 4 suggest that the defects of ∆mug134 cells in both proper entry into the G 0 phase as well as in sustaining long-term viability under −N conditions may be caused by insufficient suppression of PP2A Pab1 activity. (Kinoshita et al., 1990) . Each gene deletion, ∆ppa1 or ∆ppa2, was combined with ∆mug134 to examine how the phenotypes of the ∆mug134 cells were affected. First, the cell length abnormality of ∆mug134 cells 24 hr after −N was partially but significantly restored by either ∆ppa1 or ∆ppa2 (Figure 5a-c) . The DNA content of the indicated strains in the G 0 phase was also measured by a flow cytometer (Figure 5c ). Approximately half or most of the cells possessed 1C DNA in the ∆mug134∆ppa1 or ∆mug134∆ppa2 mutants, respectively, whereas the ∆mug134 cells possessed 2C DNA predominantly. These results suggest that similar to the B55 subunit (pab1 + ) deletion, the defects in the G 0 phase entry seen in ∆mug134 cells can be partially rescued by deletion of the gene encoding the C subunit (Figure 4) . On the contrary, the viability loss of the ∆mug134 cells after −N was not rescued by either ∆ppa1 or ∆ppa2 deletion (Figure 5c ). Similar to the ∆mug134 cells, the ∆mug134∆ppa1 and ∆mug134∆ppa2 cells lost their viability. The ∆ppa1 cells also lost their viability after −N. Therefore, in the ∆mug134 genetic background, reduction in PP2A Pab1 activity by gene deletion of one of the two C subunits may be sufficient for proper G 0 entry but not for sustaining long-term viability after −N.
F I G U R E 3
| DISCUSSION
In the present study, we attempted to elucidate the essential cellular roles of three Gwl-like kinases, namely Cek1, Ppk18 and Ppk31, as well as that of the Ensa ortholog, Mug134 in S. pombe. During preparation of the manuscript, Moreno and colleagues reported findings related to our study. They aimed to elucidate the mechanism by which the cell size threshold of fission yeast that is required to enter mitosis is controlled. They found that the Ppk18-Mug134-PP2A Pab1 pathway is critical for cell size control in a poor nitrogen condition (minimal medium with phenylalanine as sole nitrogen source; Chica et al., 2016) . The ∆ppk18 and ∆mug134 cells are able to divide but do not accelerate entry into mitosis upon shifting to a poor nitrogen condition, whereas WT cells accelerate mitosis and become smaller. As our study focused on the essential cellular roles of Gwl-like kinases during the G 0 phase, the scopes of both groups are distinct. The results common to both studies are as follows: Ppk18 is the major Gwl-like kinase and the Gwl-Ensa-PP2A pathway is conserved in S. pombe; the level of phosphor-Ser 64 in Mug134 gets increased after shifting to −N condition; and cell size control is abnormal in ∆ppk18 and ∆mug134 cells. Besides these, the major outcome of our present study is as follows: inhibition of PP2A Pab1 by Mug134 following its phosphorylation by Ppk18 or Cek1 is indispensable for proper G 0 phase entry and, more importantly, for the long-term maintenance of cell viability ( Figure 5e ). As discussed later, our study suggests that a multistep regulation of PP2A Pab1 activity by the Ppk18/ Cek1-Mug134 pathway may exist in S. pombe and that such In the budding yeast, S. cerevisiae, the Gwl-Ensa pathway has been previously studied. In proliferating budding yeast cells, Rim15, a Gwl counterpart, is suppressed by the two major protein kinases involved in nutrient regulation, namely the target of rapamycin complex 1 (TORC1) and cAMP-dependent protein kinase (PKA), under nutrient-rich conditions, whereas Rim15 is activated in the starvation-induced G 0 phase as TORC1 and PKA are inactive then (Pedruzzi et al., 2003; Reinders et al., 1998) . Activated Rim15 phosphorylates the conserved S64 of Igo1/2, counterparts of Ensa/ ARPP-19, reported to stabilize mRNA of genes important for G 0 phase entry and maintenance (Luo, Talarek, & De Virgilio, 2011; Talarek et al., 2010) . S64-phosphorylated Igo1/2 has been also shown to inhibit PP2A CDC55 upon starvation, thereby leading to phosphorylation and recruitment of Gis1, a transcription factor, to the promoters of the genes for the G 0 phase (Bontron et al., 2013; Sarkar et al., 2014) . In addition to G 0 phase regulation, Igo1/2 has been reported to be involved in the regulation of mitosis: Igo1/2 and Rim15 are required for the timely entry into M phase under heat-stress conditions (Juanes et al., 2013) ; Igo1/2 regulates PP2A Cdc55 during mitotic entry in parallel with Zds1 and Zds2 (Rossio, Kazatskaya, Hirabayashi, & Yoshida, 2014) . It has been reported that Rim15 has two other substrates, Msn2 and Rph1/ KDM4, in addition to Igo1/2 (Bernard et al., 2015; Lee et al., 2013) . Msn2 and Rph1/KDM4 are transcription factors that regulate stress responses and autophagy induction upon nutrient starvation, respectively. S. pombe has potential Msn2 and Rph1/KDM orthologs (Hsr1 and Jmj3). Cek1, Ppk18 and Ppk31 possess a long insertion in the kinase domain, a typical structural feature shared by other Gwl orthologs. Close to the N terminus, Rim15, Cek1, Ppk18 and Ppk31 have a PAS (Per-Arnt-Sim) domain, which is similar to the bacterial sensor module that monitors parameters such as overall energy level, redox potential and oxygen (Taylor & Zhulin, 1999) . In yeasts, the role of the PAS domain in Gwllike kinases is not clear yet.
It is reasonable to think that Ppk18 is the main functional ortholog of Gwl, and Cek1 bears secondary redundant functions by following reasons. First, phosphorylation of S64, the evolutionally conserved Gwl consensus site of the Ensa family, was greatly reduced in ∆ppk18 and was almost vanished in ∆cek1∆ppk18 cells in the G 0 phase. Second, over-expressing Ppk18-myc8 or Cek1-myc8 caused hyperphosphorylation of S64, suggesting that Ppk18 and Cek1 phosphorylate S64. As for Ppk31, although neither its gene deletion nor over-expression significantly changed S64 phosphorylation level, we do not exclude the possibility that Ppk31 is the third ortholog of Gwl in S. pombe. Interestingly, a noncoding antisense RNA (SPNCRNA.1421) is transcribed from an antisense strand of the ppk31 + locus more strongly than ppk31 + itself in both the VEG and quiescent phase induced by −N (Marguerat et al., 2012) . Transcription of the antisense RNA could interfere sufficient expression of Ppk31 from the nmt1 promoter, possibly explaining the very low expression level of Ppk31 in Supporting Information Figure S2 . As ppk31 + gene was also identified as mug25 + , a meiotically up-regulated gene (Martin-Castellanos et al., 2005) , Ppk31 could be a meiosis-specific Gwl ortholog. Exploring roles and enzymatic activities of Ppk31 in meiosis will be of interest in future studies. In this study, Mug134 has been clearly shown to be highly phosphorylated in both the VEG and G 0 phase. In rapidly dividing VEG cells, there were at least four distinct forms of Mug134 on a standard SDS-PAGE (three of which are sensitive to λ-PPase, Figure 2c asterisks), and six distinct forms on a Phos-tag gel (Supporting Information Figure S2 ), suggesting that Mug134 carries multiple phosphorylated residues in the VEG phase. Kinases responsible for these phosphorylation remain elusive; however, Cek1 and Ppk18 are not the major ones, because the slow-migrating forms of Mug134 (anti-FLAG immunoblot) in the VEG phase were apparently not affected by the double deletion of cek1 + and ppk18 + ( Figure 2d ). Previous comprehensive studies have showed that S31, S64 (Gwl consensus), S89, T92, S99 and S102 (potential CDK consensus: S 102 PNK) of Mug134 are phosphorylated (Carpy et al., 2014; Koch, Krug, Pengelley, Macek, & Hauf, 2011) . The physiological significance of these phosphorylation sites remains unclear, except in the case of S64. The S115 of Mug134 is a potential target of PKA (R/K R/K X S/T; X is any amino acid) and is highly conserved among species (Figure 2a) . xEnsa has been shown to be phosphorylated on multiple residues in intact cells and cell-free egg extracts of Xenopus, including the conserved PKA site (S109) (Mochida, 2013) . Different combinations of these phosphorylation states confer different inhibition levels of PP2A B55 by xEnsa, thereby suggesting that xEnsa is a "stepwise tuner" for PP2A rather than a simple "on/off" switch (Mochida, 2013) . It may be worth exploring the phosphorylation of Mug134 by PKA and its physiological significance in S. pombe as it has been reported that the PKA pathway is affected by nitrogen source availability (Mudge et al., 2014) . Although S64 of Mug134-FLAG was strongly phosphorylated in the G 0 phase, it was far less in the VEG phase. As S64 phosphorylation is predominantly dependent on Ppk18, Ppk18 (and probably Cek1 as well) may be activated by nitrogen withdrawal. The previous study suggested that Ppk18 activation upon shift to poor-N or −N media is mediated through the inactivation of TORC1 (Chica et al., 2016) . Our observation is consistent with that of their study. Control of TORC1 activity is central to cellular nutritional regulations that have medical importance and thus has been intensively studied using various organisms (Chia et al., 2017; Doi et al., 2015; Kamada, 2017; Nakase et al., 2006; Otsubo, Nakashima, Yamamoto, & Yamashita, 2017; Saxton & Sabatini, 2017; Tanigawa & Maeda, 2017; Uritani et al., 2006 ). Mug134-FLAG showed two distinct forms on SDS-PAGE in the G 0 phase (S and R, Figure 2d ). Both the S and R forms seemed to be phosphorylated on S64, as they were strongly recognized by the anti-S64p antibody. As the S form clearly disappeared after λ-PPase treatment, there should be at least one more phosphorylated residue other than S64 (Figure  2c,d) . The S form could be nonuniform: The band was composed of distinct species of Mug134-FLAG with different phosphorylation patterns. The functional difference between the S and R forms is not yet understood, although S64p was shown to be necessary for the proper inhibition of PP2A Pab1 in vitro and also for proper G 0 phase entry and maintenance in vivo. It is important to thoroughly investigate phosphorylation residues of Mug134 during the transition from VEG to G 0 phase in future to understand the physiological roles of Mug134 for G 0 entry.
The importance of PP2A Pab1 regulation by S64-phosphorylated Mug134 for both establishment and maintenance of the G 0 phase is strongly supported by the findings of the genetic and biochemical experiments in this study.
As the ∆pab1 cells gradually lose their viability, PP2A
Pab1 activity may contribute to maintenance of the G 0 phase: sustaining long-term viability after −N. In contrast, the rapid loss of viability of the ∆mug134 cells was partially rescued by deleting the pab1 + gene, implying that PP2A Pab1 must be strictly suppressed by Mug134 for maintenance of the G 0 phase. This speculation is supported by the finding that a single deletion of either ppa1 + or ppa2 + (therefore leaving some level of fully functional PP2A Pab1 holocomplex in cells) is insufficient for rescuing ∆mug134 viability loss under −N conditions. Considering this and the other observation that gene deletion of ppa1 + , ppa2 + or pab1 + partially or almost completely rescued the abnormal cell morphology and DNA content of ∆mug134 strain on G 0 phase entry ( Figure 5 ), we think that Mug134-dependent PP2A Pab1 suppression required for full viability is stronger than that for normal cell morphology and DNA content on G 0 entry. Of note, it has been reported that only a 50% reduction in the B55 subunit is sufficient to rescue cell cycle defects caused by the absence of Ensa in Drosophila melanogaster (Kim et al., 2012) . The different required levels of PP2A Pab1 inhibition could reflect the different phosphorylation pattern of Mug134 before and after establishment of the G 0 phase, according to the previous study (Mochida, 2013) . As the viability of ∆pab1 was less than that of WT at 24 hr after −N, the complete loss of PP2A the present study. As for entry into G 0 phase, the following hypotheses for the role of Mug134 may be considered (a) sustaining the relative activity of Cdc2/Cdk1 by reducing the activity of antagonizing PP2A Pab1 and (b) supporting G 0 -related kinases other than Cdc2/Cdk1 by inhibiting PP2A Pab1 .
For the first hypothesis, inhibition of PP2A Pab1 , which dephosphorylates Cdc2/Cdk1 substrates, may reinforce the cellular ability to complete the two successive cell divisions after nitrogen withdrawal. A previous study has shown that approximately 6 hr after −N, Cdc13 (cyclin) decreases drastically and Rum1, a CDK inhibitor, increases, thereby probably resulting in a considerable reduction in Cdc2/Cdk1 activity (Sajiki et al., 2009) . However, at 6 hr after −N, cells complete only the first division and will undergo one more division by 12 hr after −N. Under such conditions, it may be reasonable to increase the relative activity of Cdc2/Cdk1 to a level sufficient enough to complete the second division by inhibiting CDK-antagonizing phosphatase, PP2A Pab1 , through activation of the Ppk18/Cek1-Mug134 pathway.
Without the Ppk18/Cek1-Mug134 pathway, phosphorylation of Cdc2/Cdk1 substrates may be insufficient because of uncontrolled high PP2A Pab1 activity, eventually resulting in G 2 arrest. Yanagida, Sajiki and colleagues have reported that PP2A-related mutants (∆mug134, ∆par1 and ∆ypa1) and mutants of genes of cdc2 + /Cdk1 and cdc13 + /cyclin fail to complete the second division at G 0 phase entry, and have suggested that a check point control for proper entry into the G 0 phase may exist before the completion of the second cell division after −N (Sajiki et al., 2009; Sajiki, Tahara, Uehara et al., 2018) . For the second hypothesis that PP2A Pab1 inhibition by Mug134 contributes to proper G 0 phase entry, involvement of kinases other than Cdc2/Cdk1 should play the key role. Mutants of Sty1/Spc1 and Wis1, which are homologues of mitogen-activated protein kinase (MAPK) and MAPKK, respectively, are defective in proper entry into the G 0 phase. These mutants are unable to cease cell growth, arrest with 1C DNA and sustain viability after nitrogen withdrawal (Sajiki et al., 2009; Sajiki, Tahara, Villar-Briones et al., 2018) . TORC2 and Gad8, a downstream effector kinase of TORC2, were also reported to be required for cells to arrest with 1C DNA under −N and sexual differentiation (Ikeda, Morigasaki, Tatebe, Tamanoi, & Shiozaki, 2008; Martin et al., 2017; Matsuo, Kubo, Watanabe, & Yamamoto, 2003) . Inhibition of PP2A Pab1 through the Ppk18/Cek1-Mug134 pathway may contribute to maintaining the state of phosphorylation of some substrates of these kinases which is important for proper entry into the G 0 phase. Further studies are definitely required to validate these hypotheses. As discussed above, inhibition of PP2A Pab1 by Mug134 is also required for maintaining viability after entry into the G 0 phase. The molecular mechanisms were not examined in the current study and further studies are needed.
Interestingly, Cek1 was isolated as a factor for controlling chronological life span in S. pombe (Chen, Li, Eisenstatt, & Runge, 2013) . In S. cerevisiae, Igo1/2 has been reported to be involved in the maintenance of the G 0 phase through two distinct mechanisms: (a) stabilizing the mRNA of genes required for the G 0 phase (Luo et al., 2011) and (b) regulating the phosphorylation state of Gis1 via inhibition of PP2A CDC55 (Bontron et al., 2013) . Similar mechanisms may exist in S. pombe. Recently, the quantity and assembly of the 26S proteasome were reported to be controlled in nutrient-starved or nutrient-stressed condition in a TORC1 and MAP kinase Mpk1/ERK5-dependent manner in budding yeast and mammalian-cultured cells (Rousseau & Bertolotti, 2016) . Considering that the ubiquitin-proteasome pathway is essential for maintaining the G 0 phase and Cek1 was originally isolated as a dosage suppressor for the temperature-sensitive mutant of Cut8, which is a localization factor for the nuclear proteasome (Samejima & Yanagida, 1994; Takeda et al., 2011; Takeda & Yanagida, 2005; Tatebe & Yanagida, 2000) , the proteasome or related factors could be direct or indirect targets of the Ppk18/Cek1-Mug134-PP2A Pab1 pathway in the G 0 and VEG phases. To explore substrates of and antagonizing kinases for PP2A Pab1 in the G 0 phase will be the focus for future investigations. (Moreno, Klar, & Nurse, 1991) . To culture cells in liquid media, a water bath shaker or an air-shaker (TAITEC, Japan) was used at 26°C, unless otherwise noted. To induce cells into the G 0 phase, S. pombe cells were cultured in EMM2 at 26°C to log phase and the medium was changed to EMM2-N (EMM2 without nitrogen source) by vacuum filtration, as described in the previous study (Su et al., 1996) . Cells were entering quiescence/G 0 phase at 24 hr after medium shift. Cellular concentration in media was measured with a particle counter CDA-500 (Sysmex, Kobe, Japan). To analyze cellular viability, three hundred cells were spread on YPD plate, incubated for 4-5 days and the number of formed colonies was counted. For gene deletion or epitope tagging, we followed the protocol described previously (Bahler et al., 1998) . The ∆cek1 strain was purchased from BIONEER corp. (Korea).
| EXPERIMENTAL PROCEDURES
Genes to Cells
| Microscopy
All images were acquired using a fluorescent microscopy setting Axiovert 200M (Carl-Zeiss, Germany). Cell length was measured by means of software Axiovision 4.8 provided attached to the microscopy setting. Calcofluor white (Sigma) and 4', 6-diamino-2-phenylindole (DAPI; Nacalai Tesque, Japan) were used to stain cell wall and DNA, respectively, after fixing cells with glutaraldehyde .
| Flow cytometer analysis
To analyze DNA contents, a flow cytometer setting (FACS Calibur™, Becton Dickinson, USA) was used and the procedure was described previously (Mochida & Yanagida, 2006) . All measurements shown in this study by flow cytometer were performed at the same time. Thus, some data (e.g., WT shown in Figure 1d ,h) were same. As for Supporting Information Figure S3 , a cell sorter setting SH-800SAP (SONY, Japan) was used instead of FACS Calibur™.
| Protein extraction and immunoblotting
For immunoblot analysis, proteins were extracted using the trichloroacetic acid (TCA) method described previously . Identical amounts of protein were separated on SDS-PAGE and blotted to nitrocellulose membranes. For Phos-tag SDS-PAGE, a 10% acrylamide SDS-PAGE containing 50 µM Phos-tag acrylamide and 100 µM MnCl 2 was used. Anti-DYKDDDK (1E6, Wako, Japan) that recognizes a FLAG epitope, anti-c-myc (9E10, Wako), anti-His (27E8, Cell Signaling Technology), anti-PSTAIRE (MERCK) and anti-α-tubulin (TAT1, a gift from Dr. Keith Gull) monoclonal antibodies and anti-PP2A C subunit (#2038, Cell Signaling Technology; Grallert et al., 2015) and anti-phosphorylated Ser67 of xEnsa (Mochida et al., 2010) polyclonal antibodies (anti-S64p antibody in the text) were used as primary antibodies. Horseradish peroxidase-conjugated secondary antibodies (Promega) and Clarity™ Western ECL substrate (Bio-Rad) were used. Chemiluminescent signals were detected by a lumino-image analyzer LAS4000 (GE Healthcare). As for Figure 3a , signals were detected by an X-ray film.
| λ-PPase treatment of Mug134
From Mug134-FLAG integrant strain, proteins were extracted using the trichloroacetic acid (TCA) method described previously . Protein samples were kept at 70°C for 10 min in x1 LDS (lithium dodecyl sulfate) sample buffer without β-mercaptoethanol and such boiled samples were diluted with wash buffer (50 mM Tris-HCl [pH 8.0], 150 mM NaCl, 1% Triton X-100) to reduce LDS concentration less than 0.1%. Diluted samples were applied for immunoprecipitation using anti-FLAG M2 Magnetic Beads (Sigma), and Mug134-FLAG protein bound to the beads was eluted by 3xFLAG peptide. Aliquots of sample were reacted with Lambda Protein Phosphatase (λ-PPase, NEB) at 30°C for 60 min.
| Purification of PP2A
Pab1 from S. pombe
Pab1-myc 8 integrant cells and no-tag cells were cultured in EMM2 to log phase, harvested by centrifugation and suspended with chilled extraction buffer (25 mM Tris-HCl [pH 7.5], 10% glycerol, 0.2 mM EGTA, 0.05% Triton X-100, 150 mM NaCl, 0.1 mM 2-mercaptoethanol, 0.1 mM phenylmethylsulfonyl fluoride [PMSF] ). The buffer volume for cell suspension was approximately equal to the volume of cell pellet. Then, the cell suspension was frozen in liquid N 2 and manually crashed with a mortar and a pestle (roughly 60% of cells were crashed). After centrifugation (17,000 g x ×15 min), supernatants were applied for immunoprecipitation using anti-c-Myc antibody beads (WAKO).
| Purification of Mug134 proteins from
E. coli
cDNA sequence of Mug134 was amplified by PCR using S. pombe cDNA library (National BioResource Project Yeast, Japan) as a template and cloned to expression vector pHEX1. Octa-histidine (His 8 ) tag was fused to the N terminus of the inserted gene. The pHEX1 vector has a tac promoter inducible by isopropyl β-D-1-thiogalactopyranoside (IPTG) addition. E. coli competent cell (BL21, TAKARA) was transformed by the expression plasmids. The transformants were cultured in standard LB-ampicillin liquid medium at 36°C and were shifted to 23°C. IPTG (finally 0.1 mM) was added to the culture, when OD 550 of the culture was approximately 0.45, and then, incubation was continued overnight at 23°C. Harvested bacterial cells were suspended in extraction buffer (20 mM Tris-HCl [pH 8.0], 0.5 M NaCl, 20 mM imidazole [pH 8.0], 0.1 mM DTT, 2 mM PMSF) and crashed by sonication (Sonifier 450, Branson). After centrifugation (18,000 g × 30 min), the supernatant was filtrated (0.22 µm pore size) and applied for purification using His Trap HP (GE Healthcare) and AKTA Start chromatography system (GE Healthcare).
| In vitro phosphorylation of
Mug134 and measurement of PP2A activity
As for phosphorylation shown in Figure 3, was measured using the Ser/Thr Phosphatase Assay System (Promega) following the manual provided by the manufacturer and protocol described previously (Hanyu et al., 2009) . Purified PP2A Pab1 , His 8 -Mug134 (2 µM) and other reagents described in Figure 4b were mixed in the PP2A buffer (25 mM Tris-HCl (pH 7.5), 10% glycerol, 0.2 mM EGTA, 0.05% Triton X-100, 150 mM NaCl, 0.1 mM 2-mercaptoethanol). The reaction mixtures were incubated with the phosphopeptide substrate RRA(pT)VA, which was attached to the Ser/Thr Phosphatase Assay System, at 30°C for 60 min. The amount of free phosphate released from the substrate by phosphatase activities were determined by measuring the 630 nm absorbance of a molybdate: malachite green: phosphate complex.
